Protective layer mining, as a dominating regional prevention measure, is generally adopted to prevent and control gas disasters in highly gassy or outburst mines of China. Interlayer distance is one of the most important factors that influences protection effect. However, how does interlayer distance affect the protection effect of steeply inclined upper protective layer mining is not understood fully. According to the engineering practice in Nantong mining district, a new method for similar material simulation experiment of steeply inclined upper protective layer mining is proposed, in which an orthogonal test of similar materials comprising of sand, cement (containing gypsum and fly ash), and water mixture is conducted to obtain relations between proportioning parameters and mechanical properties using a multiple regression method. And then the method is applied to study the protection effect of steeply inclined upper protective layer mining with varying interlayer distances. e results show the following. (1) e proportioning parameters of similar material have strong linear relations with its mechanical properties, and mechanical behaviors of such similar material denote that it can simulate most coal-rock lithologies in coal mine. (2) Both pressure-relief curves and swelling strain curves for protected layer present convex shapes; protection angles at lower excavation boundary are greater than those of upper excavation boundary; with the increase of interlayer distance, the pressure-relief curve evolves from pattern "∩" to pattern "∧" and corresponding pressure-relief region becomes narrower, the center of pressure-relief region tends to transfer to the corresponding center of upper protective layer excavation region, the stress concentration coefficient decreases, the protection angles change little, and the length of the protection region reduces dramatically. (3) e protection region and protection angle calculated based on swelling strain of 3‰ are less than the empirical values based on the dip angle in Provisions, denoting that the method proposed in this study is safer than that in Provisions. e research results provide a useful guide for layouts of roadway and gas drainage boreholes to prevent gas disaster in Nantong coal mine district.
Introduction
Currently, coal constitutes a major part of China's energy consumption. As the depletion of shallow coal resources, coal working face would enter into deep mining area. Related studies show that the mining depth of China would increase to 1500 m in next twenty years [1] [2] [3] . e in situ stress, gas pressure, or gas content reserved in coal seams would increase with mining depth, thus causing an increase of gas disaster risk which would seriously affect efficiency and safe mining of coal resources. ere are numerous measures proposed to prevent and control gas disaster, such as hydraulic fracturing and protective layer mining. Particularly the latter, it has been identified as the dominating regional prevention measure to eliminate gas outburst risk in mining highly gassy mines of China [4, 5] . As illustrated in Figure 1 , when there are several coal seams (i.e., coal seams group) with gas outburst dangers in highly gassy mine, the coal seam rstly excavated is called protective coal seam or protective layer (the latter is more general as sometimes a thin rock layer is excavated instead in coal mine), while other coal seams excavated later are called protected coal seams or protected layers; the vertical distance between two layers is called interlayer distance. After protective layer is excavated, the stress of surrounding strata would be redistributed, the overlying or underlying strata would move, form ssures, and bed separations as shown in Figure 1 .
e overlying strata could be subdivided into a caving zone, a fractured zone, and a bending zone from bottom to top, while underlying stratum adjacent to protective layer is a oor heave zone [4, 6] . Because the stresses of adjacent protected layers in speci c regions of a caving zone, a fracture zone, and a oor heave zone have been released to an extent, the permeability of protected layers would be increased, causing the coalbed gas to be released continuously through mining-induced ssures or gas drainage boreholes, and gas outburst dangers would be eliminated.
As seen in Figure 1 , the protection e ects of these protected layers would di er. In the present study, the term "protection e ect," which is used to represent comprehensive indexes of the protection angle, protection region, pressure-relief region, swelling strain, and pressure-relief extent, is useful for layouts of transportation/ventilation roadway and gas drainage boreholes in the protected layer, etc. Hence, the determination of protection e ect in the protected layer is the key for protective layer mining.
ere are many factors, such as dip angle and buried depth of coal seam, physicomechanical properties of rock, and interlayer distance, which combine to in uence protection e ect of protective layer mining. Among these factors, the interlayer distance between two coal seams is a key in uencing factor.
Recently, based on theoretical analysis, numerical simulation, and eld observation, scholars [7] [8] [9] [10] [11] [12] [13] [14] [15] qualitatively studied protection e ect of protective layer mining. According to stress distributions of underlying strata and plasticity theory, Yin et al. [10] analyzed the stress-relief principle of underlying strata in theory, and research results showed that, with the increase of mining-induced ssures' depth, underlying strata experienced a less relief of stress whose distribution evolved from pattern "U" to pattern "V," and the protection region became narrower. Li et al. [11] used UDEC program to investigate the pressure-relief e ect in near-horizontal protective layer mining with varying interlayer distances. Yang [12] studied stress distribution characteristics of underlying horizontal strata in upper protective layer mining with FLAC 3D program, found that underlying strata of protective layer could be divided into a three-dimensional pressure-relief zone, a one-dimensional pressure-relief zone, and an original stress zone, and then proposed a method based on the stress criterion for classifying close and remote distance protective layer. Based on the assumption that a plastic shear plane exist, Lei et al. [13] obtained an effective interlayer distance for upper protective layer mining using the finite element shear strength reduction method. Wang [14] analyzed the pressure-relief functional principle for underlying strata of the upper protective layer using the numerical method and found that the effective pressure-relief region or swell deformation of underlying strata would gradually reduce with layers space increasing. Liu et al. [15] summarized engineering practices of protective layer mining, proposed an index, "equivalent interval," as the classification criterion of protective layer mining, and suggested that protective layers could be classified as a close distance layer, a remote distance layer, and a super-remote layer. e empirical values for maximum effective interlayer distance and protection angles have been given in "Provisions of the prevention of coal and gas outburst" (referred to hereafter as Provisions) [16] , but relation between interlayer distance and protection effect has not been proposed. In brief, existing reports on protection effect of protective layer mining with varying interlayer distances mostly concentrated on slightly inclined or near-horizontal coal seams, lacking reports on steeply inclined coal seams, whose redistribution characteristics of stress and displacement would differ, thus affecting its protection effect [9, 17, 18] ; or reports were partially limited to single parameter analysis of protection effect (such as protection angle or pressure-relief region), which could not comprehensively reflect protection effect of protective layer mining; moreover, numerical simulation methods were commonly utilized to investigate rock responses in protective layer mining. e numerical simulation model can be established in computers to study practical engineering, such as anisotropic and discontinuity characteristics of rocks. However, constitutive relations currently used in numerical models have not realistically simulated mechanisms of rock failure or deformation in mesoscopic scale yet [19] . Furthermore, site observations of protection layer mining can be approximated to its realistic conditions. Nevertheless, the engineering geological condition is complex; thus it is difficult to ensure results observed are only affected by single factor (such as interlayer distance) rather than other factors. In short, protection effect of steeply inclined upper protective layer mining with varying interlayer distances is not fully understood and needs further investigation. Compared to site observation and numerical simulation, similar material simulation [20] [21] [22] [23] [24] in a laboratory can simulate real physical object (i.e., engineering prototype), with similar materials having mechanical properties similar to those of a prototype according to certain similarity criteria. As the similar material model has all or most of the major characteristics of the prototype, it can reflect failure or deformation process of prototype truly and visually. Moreover, the simulation conditions and variables can be controlled easily, thus a quantitative rule can be observed for research objects with economic feasibility. Hence, according to an engineering practice in Nantong coal mine district, a new method for similar material simulation experiment, with similar materials representing various coal-rock strata around protective layer in coal mine, is conducted to investigate the protection effect of steeply inclined upper protective layer mining with close distance (interlayer distance is 25 m), remote distance (interlayer distance is 45 m), and super-remote distance (interlayer distance is 65 m), respectively [12, [14] [15] [16] .
e research results provide a useful guide for gas disaster control in Nantong coal mine district. In the sections below, case study mine is introduced in Section 2; the new method for similar material simulation experiment of steeply inclined upper protective layer mining is proposed in Section 3; the protection effect with varying interlayer distances based on similar material experiment is investigated in Section 4; and conclusions are given in the final section.
Case Study Mine
e Nantong coal mine district is located in Chongqing city of China, and its geographical location is shown in Figure 2 .
e coal seams of Nantong coal mine district belong to upper permian longtan formation. e major minable coal seams in this district are C6 coal seam and C4 coal seam.
e schematic diagram for geological synthesis columnar is shown in Figure 3 . As seen from Figure 3 , the interlayer distance between C6 coal seam and C4 coal seam ranges from 25 m to 70 m due to geologic tectonics. e thickness of C6 coal seam is 1.2∼1.8 m with average thickness being 1.5 m, and the thickness of C4 coal seam is 1.8∼2.2 m with average thickness being 2 m. e average dip angle for two coal seams is 45°, which are steeply inclined coal seams.
e strata lithologies between two coal seams are mainly calcareous shale, silty shale, limestone, and cherty limestone.
Currently, the average buried depth of C6 coal seam, overlying above the C4 coal seam, is 650 m. e C6 coal seam has lower risk of gas outburst, so it is chosen as the upper protective layer to eliminate gas outburst risk of C4 coal seam. A pitching oblique mining method [9, 17] is used to exploit coal seams, and the average working face length in C6 coal seam is 70 m. Related physicomechanical parameters for each stratum are shown in Table 1 .
As mentioned, the dip angle and buried depth of C6 coal seams do not vary largely, but the interlayer distance between two mineable coal seams ranges from 25 m to 70 m. To systematically and accurately study protection effect of steeply inclined upper protective layer mining with varying interlayer distances, the interlayer distances chosen to be studied should reflect conditions of close distance, remote distance, and super-remote distance.
ere are no acknowledged definitions of close distance, remote distance, and super-remote distance protective layers presently. But relevant studies [12, [14] [15] [16] showed that, with the increase of interlayer distance, the pressure-relief effect in the protected layer would decrease; when it reaches to an extent, the protection effect cannot be guaranteed. e Provisions [16] points out that the maximum effective interlayer distance for steeply inclined upper protective layer mining is 60 m. Liu et al. [15] proposed an index, "equivalent interval," as the classification criterion of protective layers. e equivalent interval is defined as (interlayer distance)/(mining height).
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When the equivalent interval is less than 20, it is called the close distance protective layer. When the equivalent interval is greater than 20 but less than 50, it is called the remote distance protective layer. Yang [12] proposed a method based on the stress criterion for classifying close and remote distance protective layer. Results showed that when the mining height is 1.5 m, when the interlayer distance is less than 30 m, it is called the close distance protective layer; when the interlayer distance is greater than 30 m but less than 64 m, it is called the remote distance protective layer.
erefore, based on the geological synthesis columnar of Nantong coal mine district and aforementioned studies, close distance (interlayer distance is 25 m), remote distance (interlayer distance is 45 m), and super-remote distance (interlayer distance is 65 m) are chosen in this paper to investigate the in uence of varying interlayer distances on protection e ect of steeply inclined upper protective layer mining, which can well re ect the actual situation of Nantong coal mine district.
Similar Material Simulation Experiment

Experimental Devices.
In order to carry out the similar material simulation experiment, a rotatable physical similarity simulation bench, with the geometric dimensions of 2.0 m × 2.0 m × 0.3 m (length × height × width) and rotation angles ranging from 0°to 70°to manufacture coal-rock strata with various dip angles, is used, and other experimental devices consisting of pressure test devices, strain (or displacement) test devices, and loading devices (including levers and weights) are shown in Figure 4 . It is worth noting that, after the similar material simulation model has been manufactured, the ground pressure induced by excluded overlying strata is applied using levers, of which the ratio of power arm to resisting arm is 1 : 10, on the top of the similar material model as shown in Figure 4 .
Similarity Condition and Similar Material
Parameter Determination of Interlayer Lithology.
As seen from Figure 3 and Table 1 , there are various kinds of strata with di erent physicomechanical properties and thicknesses between upper protective layer (C6 coal seam) and protected layer (C4 coal seam).
e variation of interlayer distance inevitably results in thickness change of each stratum, thus causing the di culty of studying e ect of interlayer distance on protection e ect of steeply inclined upper protective layer mining. Relevant studies [14, 18] showed that the "thickness weighted average method" (referred to hereafter as TWAM), which combines several strata into a composite medium stratum or introduces interbedded hard rock content coe cient, can re ect integrated physicomechanical behavior of coal-rock strata between two coal seams. erefore, TWAM is utilized to eliminate the in uence of interlayer lithology:
where X denotes weighted average of the physicomechanical parameter for composite medium stratum between two coal Advances in Civil Engineering seams, X i denotes physicomechanical parameter for ith stratum, l i denotes the ith stratum thickness, and n denotes the number of strata.
Similarity Criteria and Similar
Material. e similar material simulation experiment is a reduced-scale approach according to similarity criteria [24] [25] [26] . e selected similar Advances in Civil Engineering 5 materials must have very similar physicomechanical properties of engineering prototype (referred as coal-rock strata here). At present, similarity criteria are based on elastic theory and dimensional analysis method. According to the pressure-relief mechanism of protective layer mining, the following similarity criteria should be satis ed in similar material simulation experiment [22] [23] [24] :
where (2)- (7). To implement similar material simulation experiment, a suitable similar material is needed. e type and proportion parameters of similar material determine whether experimental results obtained can represent mechanical responses of prototype. Similar material simulation experiments have been widely employed, but how to obtain accurate and optimum proportioning parameters is urgently needed to be investigated in coal mining [20] [21] [22] [23] [24] [25] [26] . In this section, the river sand, cement (containing gypsum and y ash), and water are used and mixed to manufacture a new similar material, which is used to represent various coal-rock strata around the protective layer in the coal mine. e composition ratios of similar material, such as sand-binder ratio (i.e., river sand to cement ratio), density, and residual water content, have signi cant in uence on its mechanical responses. To obtain accurate proportioning parameters, based on the orthogonal design method and multiple regression method, relations between mechanical parameters and proportioning parameters of such similar material are obtained, and then the required mixing ratio and manufacture parameters for similar material simulation experiment can be accurately deduced.
e three in uencing factors (including sand-binder ratio, density and residual water content) are relaxed within speci c regions, and each factor is divided into four levels; then Poisson's ratio, compressive strength, and elastic modulus are determined. e orthogonal array L 16 (4 3 ) is applied to choose sixteen combinations to be tested [21] [22] [23] .
e levels of orthogonal design for similar materials are shown in Table 2 , and the sixteen combinations and corresponding mechanical parameters obtained are given in Table 3 .
It is worth noting that mechanical parameters (including Poisson's ratio, compressive strength, and elastic modulus) are obtained by uniaxial compression tests of similar material specimens with a diameter and a height of 50 mm and 100 mm in the laboratory, as shown in Figure 5 .
As can be seen from 
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Advances in Civil Engineering material simulation experiment with various coal-rock lithologies in the present study. Utilizing the multiple regression method [27] , the regression equations between proportioning parameters and mechanical parameters are obtained according to testing results in Table 3 :
where S, E, ], x, y, and z denote compressive strength, elastic modulus, Poisson's ratio, density, residual water content, and sand-binder ratio, respectively. e fitting correlation coefficients for equations (8)- (10) are 0.87, 0.9, and 0.93, which indicate that strong linear relations exist between mechanical parameters and proportioning parameters. According to equations (8)- (10), the effects of sand-binder ratio on compressive strength and elastic modulus are more remarkable than the effects of the residual water content and density; both compressive strength and elastic modulus of similar materials increase as the density increases and decrease as the residual water content or sand-binder ratio increases; the effect of residual water content on Poisson's ratio is more remarkable than the effect of density, and sand-binder ratio has little effect on Poisson's ratio of similar materials.
Finally, proportioning parameters for each coal-rock stratum in the similar material simulation experiment can be derived by solving equations (8)-(10) using the Matlab program: 
According to the physicomechanical properties of each stratum in Table 1 , geometric similarity constant, and equations (11)- (13), the final proportioning ratios and physicomechanical parameters for similar material representing each stratum are obtained, as shown in Table 4 .
Model Manufacture and Experimental Procedure
Model Manufacture.
e coal-rock strata of on-site engineering are simulated by similar materials including sand, cement (containing gypsum and fly ash), and water mixtures. To ensure proportioning ratios and mechanical parameters for each stratum are satisfied, similar material for each stratum or layer is manufactured using a method of layered filling and compaction [24] , in which a moderate amount of mica powder is sprinkled between different layers as laminated weak surfaces. e physical similarity simulation bench should be firstly rotated an angle of 45°to perform the filling of similar materials. e thickness of each stratum and excavation length in similar material simulation model are determined according to geometric similarity constant of 1 : 100.
e complete similar material model including each rock formation is illustrated in Figure 6 . For better clarity, the relevant rock strata in the similar material model have been marked. To reduce boundary effect of upper protective layer mining [17, 18] , the simulated working face of C6 coal seam (i.e., protective layer) is arranged at the approximate diagonal of the similar material simulation model. e main purposes of this experiment are to study pressure-relief characteristics and deformations within underlying C4 coal seam (protected layer) induced by C6 coal seam (protective layer) mining. Hence, internal pressures and deformations (or strains) within the protected layer are needed to be monitored during excavation. e internal pressures are monitored using ASMD3-16 resistance strain gauge and BX-1 pressure sensors, while the displacements (or strains) are monitored using a digital image correlation method [24] , as shown in Figure 7 .
e locations in the C4 protected layer, which correspond to upper and lower boundaries of the C6 protective layer excavation region, generally have minimum swelling deformation.
us, the variations of pressure and displacement nearby these positions are keys for determining protection angle and protection region. Taking such into account, pressure sensors with an interval are embedded in the C4 protected layer to record the pressures, whose embedding locations correspond to the excavation region of the C6 protective layer. In addition, as image coordinates and similar material model coordinates need to be corresponded when the digital image correlation method is used to compute displacement and strain after the C6 protective layer excavation, some grid points (i.e., control reference points) are also arranged on similar model surface [24] as shown in Figure 6 . Similar material simulation results given below indicate that the method used can achieve a comprehensive monitoring of displacement and pressure during C6 protective layer mining. Furthermore, the average buried depth of the C6 protective layer in the similar material model is 800 mm, which represents 80 m in the prototype. To simulate C6 protective layer mining in Nantong coal mine district with an average buried depth of 650 m, the ground pressure induced by excluded overlying strata with an average thickness of about 570 m is applied as an additional uniform load using levers on the top of the similar material model. According to the aforementioned similarity criteria for similar material model and lever principle, fifty-seven weights, whose mass of each is 10 kg, are applied on five levers to simulate the ground pressure as shown in Figure 4 (a).
Experimental Procedure.
e data acquisition system of pressure and displacement should be calibrated and reset before excavation. When the maintenance time of similar material model reaches (20-30 days in general), and the similar material strength satisfies the designed requirements, the C6 coal seam is excavated with a length of 700 mm to simulate C6 coal seam mining, which can be shown in Figure 6 . During the excavation of C6 coal seam, the pressure data measured by pressure sensors are monitored and collected, and the procedure for collecting deformation and strain of protected layer is as follows: (1) photos of the similar material model are taken by a highprecision digital camera; (2) the recorded photos are analyzed in order by software GeoDIC; (3) figures for deformation and strain fields of strata are obtained using the result visualization postprocessing system PostViewer. It is worth noting that the monitoring data are collected until the excavation has been completed and the strata deformation is stable.
Results and Analysis of Protection Effect with
Varying Interlayer Distances
Pressure-Relief Characteristics of Protected Layers with
Varying Interlayer Distances. e schematic diagram for relevant parameters in upper protective layer mining is illustrated in Figure 8 . e term "DBMC" represents distance along bedding surface between monitoring point of C4 protected layer and central point of C6 protective layer excavation region. e term "offset distance" represents the bedding distance between the central point of pressure-relief region and the central point of C6 protective layer excavation region. erefore, if the value of DBMC is positive, it denotes the monitoring point is located at the ascending direction of the C4 protected layer corresponding to excavation region of the C6 protective layer, and vice versa. If the offset distance is zero, it denotes the pressure-relief region is symmetric with central point of the C6 protective layer excavation region.
Advances in Civil Engineering
After the C6 protective layer has been excavated, pressure-relief curves for C4 protected layers with varying interlayer distances are obtained through analysis of monitoring results of pressure sensors, as shown in Figure 9 .
In Figure 9 , the vertical coordinate represents the pressure-relief value of ground stress within the C4 protected layer. erefore, if the pressure-relief value is greater than zero, it denotes that the ground stress within the C4 protected layer would be released; namely, it is less than its initial value, and vice versa. e shapes of pressure-relief curves for C4 protected layers with varying interlayer distances are both convex. e curve slopes are greater on both sides of curve boundaries, indicating that the pressure-relief extents signi cantly change near boundaries of corresponding excavation regions. With the increase of interlayer distance, the pressure-relief curve evolves from pattern "∩" to pattern "∧" and corresponding pressure-relief region becomes narrower, which agrees with the relevant theoretical analysis results [10] ; the altitude of pressure-relief curve decreases, indicating that the overall pressure-relief Advances in Civil Engineeringextent of the protected layer reduces; and curve slopes on both sides of the curve boundaries decrease, indicating that the stress concentration nearby excavation boundaries of protective layer reduces, but the in uencing range of pressure concentration increases; furthermore, the drop velocity of the pressure-relief curve in the ascending direction is greater than that of the descending direction, and the maximum pressure-relief point (denoted by "★" in Figure 9 ) gradually evolves from the ascending direction to descending direction, which are distinctly discrepant with the characteristics of pressure-relief curves in lower protective layer mining [28] .
Characteristics of Pressure-Relief Regions.
As aforementioned, if the pressure-relief value is greater than zero, it indicates that the ground pressure is less than the initial pressure, thus the distance between the two intersection points of pressure-relief curve and horizontal coordinate is the length of pressure-relief region (Figure 8 ). e length of pressure-relief region and o set distance with varying interlayer distances are presented in Table 5 . As seen in Table 5 , with the increase of interlayer distance, the length of pressure-relief region decreases monotonously from 669 mm to 504 mm, while o set distance increases monotonously from −50 mm to −46 mm, indicating that the center of the pressure-relief region tends to transfer to the corresponding center of C6 protective layer excavation region.
Maximum Pressure-Relief Values and Pressure-Relief
Ratios. e pressure-relief ratio η p is given by η p |σ − σ 0 |/σ 0 , where σ 0 is the original pressure within the protected layer before C6 coal seam excavation and σ is the pressure within protected layer after C6 coal seam excavation.
e maximum pressure-relief value and maximum pressure-relief ratio with varying interlayer distances are presented in Table 6 . Both the maximum pressure-relief value and pressure-relief ratio decrease as interlayer distance increases, which indicate that e ects of C6 protective layer mining on underlying protected layer would be gradually reduced. It can be concluded that the protection e ect would be diminished when the interlayer distance increases to an extent, which conforms to the practical situation.
Pressure Concentration Coe cients.
e pressure concentration coe cient η c is given by η c σ/σ 0 . Two locations in C4 protected layers are chosen to analyze the stress concentration coe cient, one is in the descending direction with DBMC being −427.6 mm, and the other is in the ascending direction with DBMC being 377.5 mm. During excavation of the C6 upper protective layer with interlayer distance being 450 mm, no pressure concentration is observed as all pressure sensors are arranged in the pressurerelief region. So only the pressure concentration coe cients with interlayer distances being 250 mm and 650 mm are obtained in Table 7 . As seen from Table 7 , with interlayer distance increasing, the pressure concentration coe cients at the descending and ascending locations both decrease, indicating that the e ects of protective layer mining on underlying protected layers also decrease.
In brief, as the interlayer distance increases, the pressure distribution pattern in the protected layer evolves from "U" to "V"; the pressure concentration coe cient in the protected layer decreases, but the in uencing range of pressure concentration increases; the maximum pressure-relief ratio decreases, which are 50.8%, 37%, and 23.5% in the close, remote, and super-remote distance protected layers, respectively; and the length of pressure-relief region decreases, which are 669 mm, 652 mm, and 504 mm in the close, remote, and super-remote distance protected layers, respectively. According to the above results, a large pressurerelief region will develop in the underlying protected layer and lead to a significant increase in coal permeability in Nantong coal mine district [2, 3] . erefore, upper protective layer mining combined with gas drainage in pressurerelief region can be adopted to prevent gas outburst and guide layout of roadway in site. As the stresses in the pressure-relief region have been released to an extent, the difficulty degree of gas drainage in the pressure-relief region is greatly reduced compared with other regions. Gas drainage boreholes should be drilled in the pressure-relief region before C6 upper protective layer mining, which is to ensure the pressure-relief gas can be extracted timely. Besides, the middle section or length of pressure-relief region for close distance or remote distance protective layer mining is flatter or greater than that of super-remote distance protective layer mining. Hence, the spacings or of gas drainage boreholes in super-remote distance protective layer mining should be reduced. Moreover, the stress in location with the maximum pressure-relief ratio has been released more fully, and the location of pressure-relief region center tends to transfer to the excavation region center as interlayer distance increases, and thus the two locations are key regions for gas drainage. Furthermore, the influencing range of pressure concentration increases with interlayer distance increasing. Hence, the roadway in super-remote distance protective layer mining should be arranged at a greater distance from the corresponding excavation boundary.
Protection Regions and Angles with Varying Interlayer
Distances. After the excavation of the C6 protective layer, according to the digital image correlation method [24] , the displacements in the normal direction of protected layers for the similar material model with varying interlayer distances can be calculated. And then through transformation and calculation, the swelling strains within protected layers can be obtained. e swelling strain curves for protected layers with varying interlayer distances are illustrated in Figure 10 . It indicates that the distribution characteristics of swelling strains within C4 protected layers are similar to that of pressures (as shown in Figure 9 ), which also demonstrates that a strong relation exists between pressure and strain in upper protective layer mining. With the increase of interlayer distance, the swelling strain curve evolves from pattern "∩" to pattern "∧" and corresponding region with positive swelling strain becomes narrower; the altitude of swelling strain curve decreases, indicating that the overall strain of protected layer reduces; and curve slopes on both sides of the curve boundaries decrease.
In current Provisions [16] , if the coal-rock lithologies and mining heights change little between protected layer and protective layer, when the swelling strains of specific region within the protected layer are equal or greater than 3‰, the gas outburst risk within such specific region of the protected layer would be eliminated. Such specific region is called the protection region. Hence, swelling strain of 3‰ (referred to hereafter as the deformation protection criterion) is used to ascertain the protection region within the protected layer in the present study. Based on the deformation protection criterion, the protection angle at the lower excavation boundary of the C6 protective layer is given by
where δ 3 represents the protection angle at the lower excavation boundary of the protective layer, h is the interlayer distance between protected layer and protective layer, and u is the distance along bedding surface between lower excavation boundary of the C6 protective layer and the critical point with swelling strain of 3‰, as shown in Figure 11 . e calculation method for the protection angle at the upper excavation boundary of the C6 protective layer, δ 4 , is similar to that of the lower excavation boundary. Protection angles at excavation boundary of C6 protective layers are calculated using equation (14) , and the empirical values in Provisions are also given for comparison, as shown in Table 8 . As seen from Table 8 , protection angles at the lower excavation boundary are greater than that of the upper excavation boundary. As the interlayer distance increases, protection angles at lower and upper excavation boundaries change little. e average protection angles at lower and upper excavation boundaries are 77°and 67°, respectively, both of which are less than the empirical values in Provisions.
Related studies show that the underlying oor be divided into oor heave-induced ssure zone, oor heave-induced deformation zone, and original oor zone from top to bottom [29] [30] [31] . In the former zone, mining-induced ssures propagate across or parallel to bedding planes, and thus gas can easily ow to the goaf through ssures. In the second zone, ssures are mainly parallel with bedding planes, thus providing channels for gas migration. In the third zone, there are little ssure channels for pressure-relief gas migration, and thus the protection e ect cannot be guaranteed.
e lower limit of the oor heave-induced ssure zone is 15∼25 m, while the lower limit of the oor heave-induced deformation zone is 50∼60 m. erefore, the close, remote, and super-remote distance protected layers in the present study are in the oor heave-induced ssure zone, the oor heave-induced deformation zone, and the original oor zone, respectively. e protection e ect of the superremote distance protective layer mining cannot be guaranteed. e relation between length of protection region and interlayer distance is presented in Figure 12 . As shown in Figure 12 , with the increase of interlayer distance, the length of the protection region reduces dramatically. e length of the protection region decreases from 434.5 mm to 268.7 mm for remote and super-remote distance protective layer mining, which agrees well with the aforementioned analysis results. Engineering practice in Nantong coal mine district also veri es that the protection e ect of protective layer mining with super-remote distance cannot be guaranteed.
us, compared with close distance or remote distance protective layer mining, more measures should be taken to enhance gas drainage to eliminate the gas outburst risks of the super-remote distance protected layer in Nantong coal mine district [29] .
In brief, when mining steeply inclined upper protective layer with varying interlayer distances in Nantong coal mine district, both the protection region and protection angle determined based on the deformation protection criterion are less than the empirical values based on the dip angle in Provisions, denoting that the method proposed in this study is safer than that in Provisions.
Conclusions
According to an engineering practice of Nantong coal mine district, a method for the similar material simulation experiment of steeply inclined upper protective layer mining is proposed, and then it is adopted to investigate the protection e ect with varying distances. e obtained conclusions are as follows:
(1) e new similar material, which comprises of sand, cement (containing gypsum and y ash), and water mixture, can simulate various coal-rock lithologies in coal mine. material. e e ects of the sand-binder ratio on compressive strength and elastic modulus are more remarkable than the e ect of the density and residual water content; both the compressive strength and elastic modulus of similar materials increase as the density increases and decrease as the residual water content or sand-binder ratio increases; the e ect of residual water content on Poisson's ratio is more remarkable than the e ect of density, and sandbinder ratio has little e ect on Poisson's ratio of similar materials. (3) Both pressure-relief curves and swelling strain curves for the protected layer present convex shapes. With the increase of interlayer distance, the pressure-relief curve evolves from pattern "∩" to pattern "∧" and corresponding pressure-relief region becomes narrower; the center of pressure-relief region tends to transfer to corresponding center of protective layer excavation region; the maximum pressure-relief value, pressure-relief ratio, and stress concentration coe cient decrease; the protection angles change little, but length of protection region reduces dramatically. Both protection region and protection angle based on swelling strain of 3‰ in the present study are safer than that in Provisions. e research results provide a useful guide for layouts of roadway and gas drainage boreholes to prevent gas disaster in Nantong coal mine district.
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